Exciton interactions and dynamics are the most important factors determining the exceptional photophysical properties of semiconductor quantum dots (QDs). In particular, best performances have been obtained for ingeniously engineered core/shell QDs. We have studied two factors entering in the exciton decay dynamics with adverse effects for the luminescence efficiency: exciton trapping at surface and interface traps, and non-radiative Auger recombination in QDs carrying either net charges or multiple excitons. In this work, we present a detailed study into the optical absorption, fluorescence dynamics and quantum yield, as well as ultrafast transient absorption properties of CdSe/CdS, CdSe/Cd 0.5 Zn 0.5 S, and CdSe/ZnS QDs as a function of shell thickness. It turns out that de-trapping processes play a pivotal role in determining steady state emission properties. By studying the excitation dependent photoluminescence quantum yields (PLQY) in different CdSe/Cd x Zn 1-x S (x = 0, 0.5, 1) QDs, we demonstrate the different role played by hot and cold carrier trapping rates in determining fluorescence quantum yields. Finally, the use of global analysis allows us untangling the complex ultrafast transient absorption signals. Smoothing of interface potential, together with effective surface passivation, appear to be crucial factors in slowing down both Auger-based and exciton trapping recombination processes.
INTRODUCTION
Semiconductor nanocrystals -hereafter indicated as quantum dots (QDs) -present profitable opportunities for applications in many and diverse fields of biomedicine, energy and information technologies. [1] [2] [3] [4] [5] [6] Besides, QDs are rapidly spreading into the display and lighting markets. Compared with liquid crystal and organic LED displays, QDs provide highly saturated colors, wide color gamut, resolution, rapid response time, optical efficiency, durability and low cost. Both in lighting and photovoltaic technologies implementation of QDs occurs, most often, in the aggregate forms of QD layered solids or 3D supercrystals.
This remarkable progress has been made possible by the rapid advances in the synthesis of colloidal QDs and by the deepened understanding of the intriguing new physics exhibited by these nanoparticles. Most recent contributions to understanding the intrinsic photophysical properties of QDs come from single nanoparticle studies 7 and ultrafast time resolved experiments. 8, 9 The issues addressed by these studies focus mainly on the role of exciton trapping at surface and interface traps, non radiative Auger recombination in QDs carrying either net charges or multiple excitons, and the emission intermittencies, a.k.a. blinking. Other phenomena, like energy and charge transfer, are key for lighting and energy applications and can be studied only as ensemble properties of QD aggregates.
Suitably engineered core/graded-shell QDs exhibit exceptionally favorable optical properties, photoluminescence and optical gain, while keeping the synthesis facile and producing QDs well suited for light emitting applications. Solid-state laser emitters can greatly profit from QDs as efficient gain materials. In the field of display technologies, the exploitation of the exceptional photoluminescence properties of QDs for LCD backlighting has already advanced to commercial levels. The next big challenge is to develop the electroluminescence properties of QD to a similar state. In fact, advances in this display technology are expected from the development of QD-based light emitting diodes (QLED) currently underway.
However, further efforts are required to progress in our understanding of energy and charge transfer processes in QD films to ensure higher external efficiencies and long term stabilities. The choice of QDs to be used in QLEDs must consider high photoluminescence in dispersed solutions as a starting criterion, which means low trap densities and reduction of Auger recombination. However, in QD films the role of recombination at surface traps is amplified because energy transfer brings into play the trapping at all the QDs visited by energy migration. The formation of charged QDs (i.e., trions) that amplify the AR, the effect of the electric field applied to bias the device, the efficient coupling with the hole and electron transport layers are other factors that must be taken into account. Systematic studies of how energy and charge transfer processes depend on composition and structure of surfaces and interfaces, taking also into account ensemble averages, are in high demand.
In this work, we present a detailed study into the optical absorption, fluorescence dynamics and quantum yield, as well as ultrafast transient absorption properties of CdSe/CdS, CdSe/Cd 0.5 Zn 0.5 S, and CdSe/ZnS QDs as a function of shell thickness while keeping constant the core radius and the organic ligand used to passivate the surface. Systematic studies like this give us the opportunity to check whether the fundamental knowledge of the QDs gained over a few decades of intense investigations allows us understanding the properties and behavior of QDs systems exhibiting a wide variety of structural and electronic features, going from quasi type-II (CdSe/CdS) to type-I with modulation of interface potential (CdSe/Cd 0.5 Zn 0.5 S, and CdSe/ZnS). Here, our attention is focused on the role of exciton trapping at surface and interface traps and on non-radiative Auger recombination in QDs carrying either net charges or multiple excitons, both phenomena being the likely cause of the decreased efficiency of electroluminescence compared with photoluminescence of QDs.
TRAPPING AND PHOTOLUMINESCENCE DYNAMICS
CdSe/Cd x Zn 1-x S QDs were synthesized following previously reported protocols.
14 CdSe cores were prepared following a modified procedure with respect to that described by van Embden et al. 15 . The shell growth and core-shell QDs synthesis was carried out in accordance with a modified SILAR protocol previously published. 15 Oleylamine was chosen as capping agent, yielding good solubility in both chloroform and toluene. Specifically, CdS and Cd 0.5 Zn 0.5 S (henceforth CdZnS) shells were epitaxially grown on 3.8 nm CdSe core QDs, with shell thicknesses ranging from 1 to 6 monolayers (ML). Homogeneous ZnS shells, with thickness ranging from 1 to 5 ML, were grown on 4.2 nm CdSe core QDs. Therefore, in comparing the behavior of our QDs we are probing the effects of the composition and structure of the shells while keeping almost constant the core radius and the capping agent.
General structure and electronic properties
The series of CdSe/CdS QDs with increasing shell thickness from 1 to 6 ML were verified to belong to the quasi type-II semiconductor nanocrystals, where holes are effectively confined in the core whereas electron wavefunctions spread over both the core and the shell. 16 At the temperature reached during the CdS shell growth, the formation of a CdSe x S 1-x alloy in our CdSe/CdS samples is revealed by surface enhanced Raman scattering experiments. 17 This alloy has a twofold effect: (i) it reduces the formation of defects (e.g. dislocations) at the interface caused by the lattice mismatch between core and shell materials, thus it decreases the tendency of photoexcited carriers to localize around those defects; (ii) it smooths the confinement potential between core and shell, which contributes in the reduction of the non-radiative Auger mechanism for exciton relaxation. These features, together with the reduced Coulomb interactions between electrons and holes due to reduced wavefunction overlap, contribute to making CdSe/CdS one of QDs exhibiting record high PLQY. Note, however, that the full achievement of this result requires growing thick CdS shells up to CdSe/CdS QDs known as giant-QDs. CdSe/CdZnS, and CdSe/ZnS QDs are classified as more conventional type-I structures inasmuch as the band edges of the shell encompass that of the core. This type of band alignment leads to the formation of potential barriers that effectively contain the extent of the electron and hole wavefunctions to within the core volume and away from the surface. 18 Although this energy level configuration increases the surface passivation, with respect to CdSe/CdS QDs, other effects come into play. The presence of sharp interfaces causes the formation of defects, due to lattice mismatch, hampering their optical properties. Moreover, this shape of the interface potential favors Auger recombinations.
Phenomenological model for the PL decay
Systematic measurements and analyses of the photoluminescence decay curves were carried out for the three series of QDs, CdSe/CdS, CdSe/CdZnS, and CdSe/ZnS, with increasing number of ML composing the shell. The PL decay curve I(t) is correlated with this population, through the radiative constant. Therefore, we performed a least square fitting procedure, minimizing the function:
to extract rates for our samples. The rates included in this model were determined for the three different core/shell QDs, as shown in Figure 1 for CdSe/CdS series. Notably, two trap distribution have been found necessary to fit the exciton population, and according to Jones calculations faster (slower) trap are ascribed to surface (interface) trapping. 20 The presence of de-trapping accurately accounts for PL dynamics at long time delays. The behavior of trapping/detrapping rates reveals deep insights into the photophysics of shelling. 22 Surface trapping rates display a decreasing trend with increasing shell thickness, due to reduced electronic coupling between bound exciton and trap states, as suggested by absorption spectra. This behavior is observed for each of the three series, confirming the good passivation of surfaces. In particular, CdZnS shell seems to provide the better passivation among the series, with k t,1 decreasing from 462 to 50 MHz, from bare core to 6ML thick shell. On contrary, interface trapping rates gain more importance in thick shell samples, due to the physical origin of interface traps, associated with lattice mismatch. Comparing different series, interface trapping is higher in CdSe/ZnS with respect to CdSe/CdZnS and CdSe/CdS, thereby confirming the detrimental formation of defects at the CdSe/ZnS interface. Finally, model fitting provided information on radiative constant, as well. Observed non-monotonous trend for the radiative constant in the CdSe/CdS is explained by the concurrence of two counteracting effects. The formation of CdSe x S 1-x alloy induces an increase in effective volume, increasing . 21 On the other hand, the quasi-Type II nature of CdSe/CdS interface reduces electron-hole overlap, thereby reducing . Therefore, the alloy formation up to the third ML induces an increase in the radiative constant. The saturation of the alloy, results in the expected attenuation of .
Trapping, De-trapping rates and Quantum Yield
We measured PLQY for the three series of QDs, employing the relative method developed by Demas. 32 The model formulated in Eq. 1 encompasses a non-radiative constant ( ) to account for non-unitary PLQY values. Indeed, the net effect of trapping/de-trapping events is the complete regeneration of trapped excitons into emissive bound excitons. Therefore, lower PLQY imply the presence of other non-radiative processes. The presence of a time-dependent fraction of dark dots, observed in blinking and single molecule experiments, is believed to determine a non-unitary PLQY. 33, 34 The reported reversibility between dark and bright states suggests a tight link with above mentioned trapping-detrapping equilibrium. We suggest that accumulation of charges at trap sites, generating charged QDs in which Auger recombinations are strongly enhanced, could lay at heart of this phenomenon. 23 With the aim of investigating these charged species, the subtle distinction between velocities and rate constants becomes crucial. The starting point is to describe trapping process as a chemical reaction between a bound exciton (X) and a neutral trap (n), generating a charged trap (c). Then, the trapping velocity is defined as a , = , , where , is the trapping rate constant. Thence, a refined version of the phenomenological model reads:
Differently from PL decay measurements, PLQY measurements are based on steady state experiments, where QDs are continuously excited. Mathematically, this is described the application of steady state conditions the Eq. 3, from which the equivalence condition of trapping and detrapping velocities is obtained, namely: Trapping at HT unbalances trapping-detrapping equilibrium, due to its kinetic rather than thermodynamics nature. As demonstrated in the previous section, the balance between trapping and de-trapping rates determines the detrimental accumulation of trapped charges and the formation of charged QDs. Within this framework, excitation energy resolved PLQY measurements bridge the energetics and the dynamics of trapping process. Indeed, besides the energy distribution of trap states, the relation between trapping-detrapping equilibrium and PLQY need to be considered, i.e. charged QDs experience an enhancement of Auger recombinations. 23 Figure 2b shows how shell thickness modulates this excitation energy dependence (EED) of PLQY. Moreover, shell composition profoundly affects the observed EED. For CdSe/CdS and CdSe/CdZnS, a marked EED of PLQY is observed for thicker shell (>3ML). The wavefunction of hot excitons created under the higher excitation energy (3.1eV) can reach and interact with surface traps in both CdSe/CdS and CdSe/CdZnS QDs. On the other hand, when excitation energy is lowered excitons are generated inside CdSe core and PLQY increases. In contrast with expectations, the observed PLQY increase is higher for CdS than for CdZnS shell. For instance, at 6ML shell the increase of PLQY from 3.1 to 2.25eV is 6-fold for CdS, whereas it is only 3-fold for CdZnS. Being CdZnS bulk bandgap higher than CdS one (3 and 2.4eV respectively), the observed difference is ascribed to a different nature of the hetero-interface: the smoothness of CdSe/CdS ensure a lower interface defectivity, whereas the abruptness of CdSe/CdZnS interface is likely to nucleate interface defects, acting as HT sites. Therefore, despite the higher confining potential, surface defect passivation is counteracted by interface defect creation in CdZnS, as well. The harmfulness of interface defects is clearer when analyzing EED of PLQY for ZnS series. The high lattice mismatch between CdSe and ZnS induces a dislocated growth 17 and a non-monotonous trend is observed with increasing shell thickness. Indeed, the steepest increase of PLQY from 3.1 to 2.25 eV has been observed for 2ML. At shell thickness above 3ML, the nucleation of interface defects augment the number of HT and the EED of PLQY, together with its absolute value, are lowered.
FAST NONRADIATIVE DECAY OF EXCITONS
The building-up of charge populations at surfaces in photoexcited QDs, also referred as photocharging, was reported first by Klimov for PbSe QDs. 26 Charged exciton states were found to present efficient Auger relaxation channel, leading to a quenching of PL. Notably, this effect was observed preferentially under highly energetic excitation, suggesting a link with the above reported EED of PLQY. The kinetic model presented in the previous section encompasses the presence of these processes and includes it into the k nr parameter. To directly observe these fast relaxations and investigate the role played by different shells, the three series of QDs in toluene solution were studied by multicolor TA technique, using 400nm excitation and white light probe. TA dataset are two dimensional maps, resolved in both wavelength and time, as shown in Figure 3 . The differential absorption mainly originates from state filling, and all signal present were successfully explained on the basis of QDs excitonic structure. 27 As reported in Figure 3a , three main bleaching signal observed are assigned to corresponding core exciton transitions. Moreover, the high pump fluence is expected to generate different species, such as multi-excitons. Figure 4a ) display the slowest decay, throughout the temporal window under investigation (1-800ps). Its persistence at long time delays t>400ps, when all multi-excitonic effects are expected to be concluded, suggests a safe assignment to singly excited dots. 27, 28 On the other hand, the red-shifted spectral structure and faster decays indicate that the second principal spectrum (red curve in Figure 4a ) is related to biexciton species. The third principal spectrum (green curve in Figure 4a ) presents a red-shifted curve and lasts few picoseconds. Therefore, we assign it to hot exciton relaxation processes. We carried out a preliminary analysis of the decay profiles associated with the first principal spectra, with the aim of investigating photo-charging effects on core/shell QDs. Their average lifetime, calculated by multi-exponential fitting, is reported in Table I . For CdSe/CdS and CdSe/CdZnS, single exciton recombinations appear to be slowed down with increasing shell thickness. This effect is mostly due to the passivation of the surfaces and to the shifting of surface traps away from CdSe core. Indeed, although charge accumulation takes place, charged trap sites are shifted away from core excitons and Auger recombinations are slowed down. Single excitons in CdSe/CdS QDs display longer lifetimes, with respect to those in CdSe/CdZnS QDs. This further proofs the beneficial effect of the smoothing of interfaces, caused by CdSe 1-x S x alloying. The effect of interfacial traps on fast recombination is once more evident in CdSe/ZnS series. The observed single exciton lifetime decreases with increasing shell thickness along this series. Once more, this is ascribed to the nucleation of interfacial defects. From a quantitative point of view, the observed recombination cannot be compared with those estimated by kinetic modeling of PL decays. Indeed, these experiments are performed under very different excitation intensity conditions. As shown by Klimov, excitation fluence strongly affect the photocharging effect and therefore results in different dynamics.
CONCLUDING REMARKS
The effect of charge trapping and accumulation at surfaces was investigated for different core/shell QDs: CdSe/CdS, CdSe/CdZnS, and CdSe/ZnS. An in-depth analysis was carried out through time-resolved PL, PLQY and transient absorption measurement. The photophysics of QDs was successfully and exhaustively described by a kinetic model, comprising both trapping and de-trapping processes. Both shell composition and thickness were found to play a pivotal role in modulating these processes, which dictate their efficiency in device applications. The interplay between three factors was found to dictate QDs performances: the smoothness of interface potential, the surface passivation, and the nucleation of interface defects. Whenever dealing with core/shell systems, we suggest to consider these three factors, in order to achieve desired properties. A delicate balance is necessary: for instance, although a ZnS shell provides an optimal surface passivation, the sharp interface potential and the massive nucleation of interface defects hamper their performances. On the other hand, CdS provides a smooth and defect free interface, unfortunately resulting in a poor surface passivation, which turns out to be sufficient only in case of thick shells.
